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Planck	  in	  2015	  

•  Parameters	  
–  Likelihood	  
–  Lensing	  
– Dark	  Energy/Modified	  Gravity	  

•  Infla>on	  
– Non-‐gaussianity	  
–  BKP	  

•  (Geometry	  and	  Topology)	  
•  (Isotropy	  and	  Sta>s>cs)	  
	  



Where	  are	  we	  now	  with	  Planck?	  

•  A	  refined	  analysis	  
– Same	  “cross-‐spectrum”	  methodology	  for	  the	  Cl	  
likelihood	  as	  in	  2013	  

– But	  less	  conserva>ve	  now	  	  
•  More	  aggressive	  use	  of	  sky	  
•  Can	  present	  results	  using	  data	  from	  the	  full	  mission	  

•  Redundancy	  
– Mul>ple	  surveys	  per	  detector	  

•  Good	  for	  probing	  systema>cs	  
– Mul>ple	  frequencies	  

•  Good	  for	  mi>ga>ng	  foregrounds	  



Main	  refinements	  since	  2013	  

•  Improved	  understanding	  of	  beams	  
– Helped	  resolve	  calibra>on	  differences	  with	  WMAP	  

•  Correc>on	  for	  the	  nonlinearity	  of	  the	  
analogue-‐to-‐digital	  converters	  in	  the	  detectors	  
– Removed	  much	  of	  the	  apparent	  gain	  varia>on	  
seen	  in	  the	  2013	  data	  

– Allowed	  us	  to	  calibrate	  properly	  off	  the	  orbital	  
dipole	  



Planck	  Polariza>on	  

•  What	  has	  P	  added?	  
– Tighter	  error	  bars	  
–  Improvements	  in	  isocurvature	  constraints	  
– Redundancy	  

•  Unresolved	  foregrounds	  in	  P	  are	  much	  less	  significant	  
than	  in	  T	  
•  TE	  results	  are	  highly	  consistent	  with	  TT	  ones	  

•  What	  complica>ons	  has	  P	  bought?	  
– T-‐>P	  leakage	  (not	  fully	  quan>fied	  for	  2015)	  



And	  at	  low-‐l	  

•  We	  now	  use	  our	  own	  cleaned	  70	  GHz-‐based	  
likelihood	  at	  low-‐l	  



Our	  new	  “combined”	  TT	  
Planck Collaboration: Cosmological parameters
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Fig. 1. The maximum likelihood frequency averaged temperature spectrum computed from the Plik cross half-mission likelihood.
The best fit base ⇤CDM theoretical spectrum fitted to the TT likelihood is plotted in the upper panel. Residuals with respect to this
model are shown in the lower panel. The error bars show ±1� errors. FIXME: Commander data points to be updated

hood methodology by developing several independently written
pipelines. Some of these are described in ?. The most highly de-
veloped of these are the CamSpec and revised Plik pipelines.
For the 2014 Planck papers, we have chosen the Plik pipeline
as the baseline. Column 6 of Table 1 lists the cosmological pa-
rameters for base ⇤CDM determined from the Plik cross half-
mission likelihood together with the lowP likelihood applied to
the 2014 full mission data. The sky coverage used in this like-
lihood is identical to that used for the CamSpec 2014F(CHM)
likelihood. However, the two likelihoods di↵er in the modelling
of instrumental noise, Galactic dust, treatment of relative cali-
brations and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is, perhaps, not sur-
prising since this parameter is sensitive to small di↵erences in
the foreground modelling. The di↵erence in ns are systematic
and persist throughout the grid of extended ⇤CDM models dis-
cussed in Sect. 6. We emphasise that the CamSpec and Plik like-
lihoods have been written independently, though they are based
on the same theoretical framework. None of the conclusions in
this paper (including those based on the full TT,TE,EE likeli-
hoods) would di↵er in any substantive way had we chosen to
use the CamSpec likelihood in place of Plik. The overall shifts
of parameters between the Plik 2014 likelihood and the pub-
lished 2013 nominal mission parameters are summarized in col-
umn 7 of Table 1 . These shifts are within 0.71� except for the
parameters ⌧ and Ase�2⌧.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is small, leading to shifts of 0.5� or less in cos-
mological parameters. Changes to the low level data processing,
beams, sky coverage etc and likelihood code also produce shifts
of typically 0.5� or less. The net e↵ect of these changes is to
introduce parameter shifts relative to PCP13 of less than 0.71�
with the exception of ⌧ and Ase�2⌧. The main scientific conclu-
sions of PCP13 are therefore consistent with the 2014 Planck
analysis.

Parameters for the base ⇤CDM cosmology derived from full
mission detset, cross year, or cross half-mission spectra are in
extremely good agreement demonstrating that cotemporal sys-
tematics are at low levels. This is also true for the extensions
of the ⇤CDM model discused in Sect. 6. It is therefore worth
discussing why we have adopted the cross half-mission likeli-
hood as the baseline for this and other 2014 Planck papers. The
cross half-mission likelihood has a lower signal-to-noise than the
full mission detset likelihood, however the errors on the cosmo-
logical parameters from the two likelihoods are almost identi-
cal as can be seen from the entries in Table 1. This is also true
for extended ⇤CDM models. However, for more complicated
tests such as searches for localised features in the power spec-
tra (Planck Collaboration A24 2014), residual 4K line systemat-
ics and uncorrelated correlated noise at high multipoles in the
detset likelihood can produce apparently significant results. We
have therefore decided to adopt the cross half-mission likelihood
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…and	  now	  our	  TE	  &	  EE:	  

Planck Collaboration: Cosmological parameters
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Fig. 3. The frequency averaged TE and EE spectra (without fitting for T -P leakage). The theoretical TE and EE spectra plotted in
the upper panel are computed from the TT best fit model of Fig. 1. Resduals with respect to this theoretical model are shown in the
lower panels. The error bars show ±1� errors. The orange lines in the lower panels show the best fit T -P leakage model of Equ. 11
fitted separately to the T E and EE spectra.

Fig. 4. The black lines in show the expected TE and EE spectra given the TT data. The shaded areas show the 1 and 2� ranges
computed from Equ. 15. The blue points show the residuals for the measured TE and EE spectra.

fits let us expect, we do find strong evidence for systematics in
the polarization spectra. With our present understanding of the
Planck polarization data, we believe that the dominant source
of systematic in the polarization spectra is caused by beam mis-
match which generate leakage from temperature to polarization
(recall that the HFI polarization maps are generated by di↵erenc-
ing signals in quadruplets of polarization sensitive bolometers).
In principle, with accurate knowledge of the beams this leakage
could be described by e↵ective polarized beam window func-
tions. For the 2014 papers, we use the TT beams, rather than
polarized beams, and describe temperature to polarization leak-
age in terms of a polynomial ✏`. The impact of beam mismatch
on the polarization spectra in this model is

�CT E
` = ✏`CTT

` , (10a)
�CEE
` = ✏2`C

TT
` + 2✏`CT E

` . (10b)

As a consequence of the Planck scanning strategy, pixels are
visited every 6 months with a rotation of 180� of the focal plance,
leading to a weak coupling to beam modes b`m with odd values

of m. The dominant contributions are expected to come from
modes with m = 2 and 4 describing the beam ellipticity. We
therefore fit the spectra using a fourth order polynomial

✏` = a1` + a2`
2 + a3`

3 + a4`
4, (11)

treating the coe�cients a1, . . . , a4 as nuisance parameters, to-
gether with multiplicative relative calibration factors for each of
the TE and EE spectra (absorbing errors introduced by the polar-
ization e�ciencies of the bolometers). Consistency between the
model of Equ. 11 fitted separately to the TE and EE spectra can
be used as a crude indicator of whether the model is physically
reasonable. Make clear whether you fit a single model of ✏` to TE
and EE spectra . Furthermore, the T -P leakage tends to cancel
in the coadded polarization spectra, so that the net e↵ect of the
leakage corrections are small. This can be seen in the lower pan-
els of Figs. 2, which show the leakage model of Equ. 11 fitted
separately to the T E and EE spectra. The residual systematics
in these coadded polarization spectra are evidently at low levels,
but until we have a more accurate characterisation of the Planck

12
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Table 3. Parameters of the base ⇤CDM cosmology computed the 2014 Planck likelihoods illustrating the consistency of parameters
determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at high multipoles and
is the same as column [5] of Table 1. (Actually column [4] until we replace the numbers with Plik ). Columns [2] and [3] use only
the TE and EE spectra at high multipoles. Column [4] uses the full TT+TE+EE likelihood. The last column lists the deviations of
the cosmological parameters determined from the TT and TT+TE+EE likelihoods.

Parameter [1] Planck TT+lowTEB [2] Planck TE+lowTEB [3] Planck EE+lowTEB [4] Planck TT+TE+EE+lowTEB ([1] � [4])/�[1]

100✓MC . . . . . . . . . 1.04094 ± 0.00048 1.04134 ± 0.00048 1.03390 ± 0.00073 1.04084 ± 0.00031 0.21
!b . . . . . . . . . . . . 0.02225 ± 0.00023 0.02241 ± 0.00024 0.0241 ± 0.0011 0.02236 ± 0.00016 �0.47
!c . . . . . . . . . . . . 0.1194 ± 0.0022 0.1163 ± 0.0020 0.1188 ± 0.0022 0.1191 ± 0.0014 0.14
H0 . . . . . . . . . . . . 67.48 ± 0.98 68.86 ± 0.88 70.4 ± 2.4 67.65 ± 0.63 �0.17
ns . . . . . . . . . . . . 0.9682 ± 0.0062 0.982 ± 0.010 0.976 ± 0.011 0.9681 ± 0.0047 �0.02
⌦m . . . . . . . . . . . . 0.313 ± 0.013 0.294 ± 0.011 0.283 ± 0.026 0.3107 ± 0.0086 0.18
�8 . . . . . . . . . . . . 0.829 ± 0.015 0.804 ± 0.020 0.794 ± 0.022 0.826 ± 0.013 0.20
⌧ . . . . . . . . . . . . . 0.079 ± 0.019 0.065 ± 0.022 0.061 ± 0.021 0.078 ± 0.017 0.05
109Ase�2⌧ . . . . . . . . 1.857 ± 0.014 1.847 ± 0.026 1.891 ± 0.028 1.874 ± 0.012 0.07
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Fig. 5. Comparison of the base ⇤CDM model parameters from Planck temperature and polarization.
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Table 3. Parameters of the base ⇤CDM cosmology computed the 2014 Planck likelihoods illustrating the consistency of parameters
determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at high multipoles and
is the same as column [5] of Table 1. (Actually column [4] until we replace the numbers with Plik ). Columns [2] and [3] use only
the TE and EE spectra at high multipoles. Column [4] uses the full TT+TE+EE likelihood. The last column lists the deviations of
the cosmological parameters determined from the TT and TT+TE+EE likelihoods.
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We	  find	  all	  the	  Planck	  spectra	  	  
are	  quite	  consistent	  	  

for/with	  ΛCDM!	  

0.04 0.08 0.12

⌧

0.021

0.024

0.027

0.030

⌦
b
h2

0.10

0.11

0.12

0.13

⌦
c
h2

2.96

3.04

3.12

3.20

ln
(1

01
0
A

s)

0.93

0.96

0.99

1.02

n s

1.038 1.040 1.042
100✓MC

0.04

0.08

0.12

⌧

0.021 0.024 0.027 0.030
⌦bh2

0.10 0.11 0.12 0.13
⌦ch2

2.96 3.04 3.12 3.20
ln(1010As)

0.93 0.96 0.99 1.02
ns

Planck EE+lowP

Planck TE+lowP

Planck TT+lowP

Planck TT,TE,EE+lowP



An	  Example	  Zoom:	  
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Table 3. Parameters of the base ⇤CDM cosmology computed the 2014 Planck likelihoods illustrating the consistency of parameters
determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at high multipoles and
is the same as column [5] of Table 1. (Actually column [4] until we replace the numbers with Plik ). Columns [2] and [3] use only
the TE and EE spectra at high multipoles. Column [4] uses the full TT+TE+EE likelihood. The last column lists the deviations of
the cosmological parameters determined from the TT and TT+TE+EE likelihoods.

Parameter [1] Planck TT+lowTEB [2] Planck TE+lowTEB [3] Planck EE+lowTEB [4] Planck TT+TE+EE+lowTEB ([1] � [4])/�[1]
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!c . . . . . . . . . . . . 0.1194 ± 0.0022 0.1163 ± 0.0020 0.1188 ± 0.0022 0.1191 ± 0.0014 0.14
H0 . . . . . . . . . . . . 67.48 ± 0.98 68.86 ± 0.88 70.4 ± 2.4 67.65 ± 0.63 �0.17
ns . . . . . . . . . . . . 0.9682 ± 0.0062 0.982 ± 0.010 0.976 ± 0.011 0.9681 ± 0.0047 �0.02
⌦m . . . . . . . . . . . . 0.313 ± 0.013 0.294 ± 0.011 0.283 ± 0.026 0.3107 ± 0.0086 0.18
�8 . . . . . . . . . . . . 0.829 ± 0.015 0.804 ± 0.020 0.794 ± 0.022 0.826 ± 0.013 0.20
⌧ . . . . . . . . . . . . . 0.079 ± 0.019 0.065 ± 0.022 0.061 ± 0.021 0.078 ± 0.017 0.05
109Ase�2⌧ . . . . . . . . 1.857 ± 0.014 1.847 ± 0.026 1.891 ± 0.028 1.874 ± 0.012 0.07
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Fig. 5. Comparison of the base ⇤CDM model parameters from Planck temperature and polarization.
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Planck	  Lensing	  

•  Mass	  inhomogenei>es	  deflect	  the	  CMB	  
photons	  on	  their	  way	  to	  us	  

•  Can	  calculate	  the	  power	  spectrum	  of	  the	  
deflec>on	  field	  and	  compare	  it	  to	  theory	  
–  i.e.	  a	  four-‐point	  func>on	  of	  the	  CMB	  
– Mostly	  sensi>ve	  to	  ma9er	  nearby	  so	  can	  be	  
thought	  of	  as	  an	  internal	  “low-‐redshik”	  dataset	  

– Helps	  break	  degeneracies	  
•  New	  for	  2015	  is	  the	  inclusion	  of	  polariza>on	  
maps	  in	  the	  inference	  



2015	  Lensing	  poten>al	  spectrum	  



Extensions	  

•  Ωk	  
– TT:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  −0.052	  ±	  0.05	  	  	  (95%)	  	  
– TTTEEE:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  −0.040	  ±	  0.04	  	  	  (95%)	  
– TTTEEE+lensing:	  −0.004	  ±	  0.015	  (95%)	  

	  
•  dns	  /	  dlnk	  
– TT:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  −0.008	  ±	  0.016	  (95%)	  
– TTTEEE:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  −0.006	  ±	  0.014	  (95%)	  
– TTTEEE+lensing:	  −0.002	  ±	  0.013	  (95%)	  



So,	  the	  parameters	  bo9om	  line:	  

•  Power	  spectra	  are	  highly	  consistent	  with	  the	  
flat	  ΛCDM	  model	  
– Minor	  tension	  with	  curvature	  with	  Planck	  alone	  

•  The	  varying	  analyses	  themselves	  are	  highly	  
consistent	  within	  flat	  ΛCDM	  



Dark	  Energy/Modified	  Gravity	  

•  Meaningful	  constraints	  typically	  need	  
addi>onal	  low-‐redshik	  data	  over	  that	  needed	  
for	  our	  ΛDM	  analyses	  
– Any	  modifica>ons	  that	  only	  affect	  the	  background	  
are	  not	  favoured	  over	  ΛCDM	  

– Modifica>ons	  affec>ng	  the	  perturba>ons	  also	  can	  
be	  found	  that	  are	  favoured	  at	  2-‐3	  σ	  depending	  on	  
the	  choice	  of	  dataset	  
•  Go	  away	  when	  Planck	  lensing	  is	  used…	  



E.g.	  affec>ng	  the	  Poisson	  equa>on	  and	  
no	  anisotropic	  stress	  condi>on…	  



Non-‐gaussianity	  

•  Lensing	  gives	  a	  specific,	  non-‐gaussian,	  
signature	  

•  One	  can	  search	  more	  generally	  for	  non-‐
gaussiani>es	  in	  the	  CMB	  
– Various	  es>mators,	  now	  in	  2015	  also	  including	  E	  

•  No	  convincing	  detec>ons	  made	  
– Again	  consistent	  with	  ΛCDM	  



TTT	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  EEE	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  



BICEP2/Keck	  Array	  and	  Planck	  

•  Planck	  added	  the	  353	  GHz	  polariza>on	  maps	  
– Useful	  as	  a	  dust	  tracer	  

•  Dust	  has	  a	  different	  emission	  spectrum	  to	  the	  black-‐
body	  CMB	  and	  is	  brighter	  at	  higher	  frequencies	  

– Mul>ply	  by	  0.04	  to	  get	  it	  down	  to	  BK’s	  150	  GHz	  	  
•  353x353	  spectrum	  is	  s>ll	  very	  noisy	  even	  now	  

–  Suggests	  there	  is	  something	  there	  though	  
•  But	  the	  BKx353	  spectrum	  is	  helpful	  

– One	  then	  constructs	  a	  likelihood	  out	  of	  
•  BKxBK,	  BKx353	  and	  353x353	  



The	  spectra	  



Illustra>ve	  r	  posteriors…	  



Infla>on	  

•  Adiaba>city	  of	  the	  perturba>ons	  
	  
•  Implica>ons	  of	  ns	  &	  r	  constraints	  for	  infla>on	  

•  (Reconstruc>on	  of	  the	  primordial	  power	  
spectrum)	  



Perturba>ons	  are	  consistent	  with	  
being	  adiaba>c…	  



Infla>on:	  Planck	  ns	  vs	  r	  	  



Infla>on:	  Planck+BKP	  ns	  vs	  r	  	  



What	  is	  s>ll	  to	  come	  from	  Planck?	  

•  2015	  
– Likelihood	  paper	  
– Likelihood	  
– 100,	  143	  &	  217	  polariza>on	  maps	  
– Low-‐ell	  paper	  	  

•  2016	  
– Analysis	  with	  Improved	  Timeline	  Processing	  
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What	  does	  it	  mean?	  

•  Flat	  ΛCDM	  works	  really	  well	  
•  Infla>on?	  
– Results	  are	  highly	  consistent	  with	  “single	  field	  
with	  a	  flat	  poten6al”	  infla>on	  
•  How	  generic	  are	  such	  models	  in	  string	  theory?	  
•  Then,	  if	  such	  infla>on	  is	  possible,	  is	  it	  probable?	  	  

– BKP	  doesn’t	  rule	  out	  a	  significant	  tensor	  
contribu>on	  to	  the	  fluctua>ons	  



What	  is	  s>ll	  needed	  from	  theory?	  

•  Well-‐mo>vated	  models	  that	  make	  subtle,	  
dis>nc>ve	  and	  correlated	  predic>ons	  
– A	  dip	  at	  l=25	  and	  {another	  effect}	  anybody?	  

•  Alterna>ves	  to	  infla>on	  

•  Be9er	  understandings	  of	  measures	  on	  
cosmological	  physics	  and	  histories	  



Thanks!	  


